The paradigm, derived from bicyclams and other cyclams, by which it is necessary to use the p-phenylene moiety as the central core in order to achieve high HIV-1 antiviral activities has been reexamined for the more flexible and less bulky structures 4, previously described by our group as potent HIV-1 inhibitors.
Introduction
Since the discovery of the bicyclam AMD3100 (1, plerixafor, EC 50 = 0.002 μM), 1,2 the first small molecule CXCR4 inhibitor, a lot of efforts have been devoted to develop more potent, selective and less toxic inhibitors. Such research has included the synthesis of monocyclam derivatives (AMD3465, 3 AMD3451, 4 …) and non-cyclam derivatives (AMD070, 5 2, 6 3, 7 …) (Fig. 1 ). The reason for such interest was, initially, the use by the human immunodeficiency virus (HIV) of the chemokine receptor CXCR4 as a coreceptor during the HIV cell fusion and entry, which starts with the interaction of the virus envelop glycoprotein gp120 with the primary receptor CD4. 8 However, more recently, CXCR4 has been connected with the regulation of the trafficking and homing of various cell types including stem cells and cancer stem cells. Among others, the CXCL12/ CXCR4 pathway 9 promotes tumor vasculogenesis and angiogenesis in tumor stem-like glioma cells. 10 In fact plerixafor (1, AMD3100) has been commercialized (trade name Mozobil) as an immunostimulant used to mobilize stem cells to the peripheral blood for collection and subsequent autologous stemcell transplantation.
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In this context, our work in the field of anti-HIV entry/ fusion inhibitors [11] [12] [13] identified novel potent CXCR4 coreceptor inhibitors of the general structure 4 (Fig. 2 ). Among these tetramines, compound 5 was selected as the lead compound because it shows almost the same level of activity (5, EC 50 = 0.019 μM) as the reference compound 1 and shows no cell toxicity at concentrations up to 25 μg mL −1 . 11 More recently, we have synthesized three stereoisomers of compound 5 (5(R,R), 5(S,S), and the meso form 5(S,R)) and evaluated their effect on glioma initiating cells (GICs) in comparison with the prototype compound AMD3100. 14 Through our research and previous ones, a paradigm has been widely accepted: to use the p-phenylene moiety as the central core for the connection of nitrogen heterocycles linked to two nitrogen atoms on both sides of such a core. This paradigm, the presence of a single carbon atom between the central phenyl ring and the first nitrogen of the side chain, comes from the study of Bridger et al. 15 who showed that, in the case of analogues 6 (Fig. 2) , the HIV-1 antiviral activity of 6a (m = 2; EC 50 = 14.8 μM) was 3-4 orders of magnitude less effective than AMD3100 although in the case of 6b (m = 3; EC 50 = 0.4 μM) the diminution was not so clear.
Our convincement that such a paradigm could not be necessarily valid for structures less hindered than AMD3100 led us to carry out a positional scanning of the nitrogen atoms present on each side of the central phenyl ring of structures 4 in order to explore the impact on the biological activity of the distance between the phenyl ring and the first nitrogen atom of the side chains. pounds 7 and 8 it was not possible to use the same synthetic strategy because the corresponding required dialdehydes, 1,4-phenylendiacetaldehyde and 4-(formylmethyl)benzaldehyde, respectively, were not commercially available. Moreover, it was not possible to synthesize them because of their described instability that was also observed in our hands. 16, 17 Consequently, it was necessary to develop alternative synthetic routes for 7 and 8.
For the synthesis of the symmetrical tetramines 7{x,x}, we decided to start from 1,4-benzenediacetic acid (9) (Scheme 1) which was transformed to the diacyl dichloride 11 in two steps. Therefore, compound 9 was converted into the bis(trimethylsilyl) 1,4-benzenediacetate (10) upon treatment with hexamethyldisilazane (HMDS)/Me 3 SiCl/1,2-dichloroethane as previously described by Falck-Pedersen et al. 18 The subsequent treatment of 10 with oxalyl chloride/DMF/CH 2 Cl 2 yielded 1,4-benzenediacetyl chloride (11) which was converted to the corresponding diamides 13{x,x} upon treatment with two equivalents of the respective amines 12{x}. Finally, the reduction of amides 13{x,x} with BH 3 ·SMe 2 in THF yielded the desired symmetrical tetramines 7{x,x} (Scheme 1). In order to obtain the non-symmetrical compounds 8{x,y}, we selected 2-(4-(bromomethyl)phenyl)acetic acid (14) as the starting material (Scheme 1) due to the different reactivity of the two ends of the molecule which allows the derivatization of both positions with the same or different amines 12{x} to afford compounds 8{x,x} and 8{x,y}, respectively. Thus, the first amine 12{x} was introduced by acylation with acid chloride 15, prepared by treating 14 with SOCl 2 /toluene. Subsequently, a second amine unit 12{x} or 12{y} was introduced by nucleophilic substitution of the benzyl bromine atom of the intermediates 16{x}. Finally, the reduction of the resulting compounds 17{x,x} or 17{x,y} with BH 3 ·SMe 2 yielded the desired non-symmetrical compounds 8{x,x} or 8{x,y}, respectively (Scheme 1).
A second and important part of our positional scanning of the nitrogen atoms present on each side of the central phenyl ring was the selection of the amines 12{x} (Fig. 4) . Such amines are constituted by a nitrogen-containing heterocyclic system ( pipecoline, piperidine, piperazine, morpholine, pyrrolidine, and imidazole) linked to a -(CH 2 ) n -spacer (where n = 2, 3 or 4) which ends in an NH 2 group. Some of these compounds are commercially available, others were previously obtained by our group for the synthesis of tetramines 4{x,y} 11 but some of them have been synthesized specially for this work. This was the case of 12{5} that was obtained using the same protocol previously described by our group.
11 Amines 12{10} and 12{11} in which n = 4 were synthesized by alkylation Scheme 1 Synthetic protocols for the preparation of symmetrical and non-symmetrical diamines 7{x,x} and 8{x,y}, respectively. of the corresponding nitrogenated heterocycle, 2-methylpiperidine (19{10}) and piperidine (19{11}), with the bromoalkyl phthalimide 18 to afford the intermediates 20{10} and 20{11}. The subsequent acid hydrolysis of the phthalimido protecting group yielded the desired amines 12{10} and 12{11} (Scheme 2). Once the symmetrical compounds 7{x,x} and the non-symmetrical compounds 8{x,y} were synthesized, they were tested together with the amide intermediates 13{x,x} and 17{x,y} for anti-HIV activity (EC 50 ) and cytotoxicity (CC 50 ) ( Table 1) .
From the values obtained some initial conclusions can be drawn: the presence of amide groups dramatically reduces the activity as it can be seen by comparing the EC 50 of compounds 13{x,x} and 17{x,y} with those of compounds 7{x,x} and 8{x,y}, respectively. Moreover, monoamides 17{x,y} showed better activity than diamides 13{x,x}. This fact is easily observable by the direct comparison of the EC 50 of compounds containing the same amine building blocks: 17{3,3} (EC 50 = 1.012 μM) and 17{5,5} (EC 50 = 2.539 μM) against 13{3,3} (EC 50 = 144.47 μM) and 13{5,5} (EC 50 > 282.39 μM), respectively.
On the other hand, the nine new tetramines 7{x,x} and six tetramines 8{x,y} covered a huge range of biological activities (0.072 μM > EC 50 > 328 μM). Seven of these compounds presented EC 50 ≤ 1 μM, the most potent being 7{3,3} (EC 50 = 0.072 μM).
Among the different amines 12{x} used, 12{3}, 12{5} and 12{1} gave the most active compounds in the three families of compounds 4{x,y}, 7{x,x} and 8{x,y} when the same amine is present on both ends of the compound. These three amines have in common a propylene spacer (-(CH 2 ) 3 -) connecting the heterocyclic ring and the nitrogen atom closer to the phenyl ring and contain only one nitrogen atom in the heterocyclic ring.
The comparison of the EC 50 of compounds 7{x,x} with those of compounds 4{x,y} prepared using the same amine 12{x} clearly showed that higher activities were obtained for compounds 7{x,x} in eight out of nine cases. With the sole exception of compounds 7{9,9} and 4{9,9} prepared with amine 12{9}, better activity values and less toxicity were showed in cell tests when the central core is a 1,4-phenylenbis-(ethylene) moiety (compounds 7{x,x}) instead of a 1,4-phenylenebis-(methylene) one (compounds 4{x,y}).
This trend is also observed when the EC 50 of compounds 8{x,y} are considered. These compounds present a central core with a methylene subunit on one side of the central phenyl ring and an ethylene subunit on the other side. When we compare the EC 50 values of 7{3,3} (0.072 μM), 8{3,3} (0.114 μM) and 4{3,3} (0.121 μM) or those of 7{5,5} (0.101 μM), 8{5,5} (0.325 μM) and 4{5,5} (0.362 μM), we can observe that the EC 50 exactly follow the order 7{x,x} < 8{x,x} < 4{x,x}. This observation let us conclude that for the kind of tetramines studied by our group as potential anti-HIV compounds, the presence of two methylene units on each side of the central phenyl ring increases the biological activity contrary to what has been observed in the case of AMD3100.
In the case of the non-symmetrical structures 4{x,y} and 8{x,y}, prepared using different amines 12{x} on each end of the molecule and in contrast to the symmetrical structures, at least in two cases compounds 4 (4{3,4}, EC 50 = 1.242 μM; 4{1,4}, EC 50 = 4.271 μM) are more active than the corresponding compounds 8 (8{4,3}, EC 50 = 1.695 μM; 8{4,1}, EC 50 = 9.725 μM). Among these compounds, 8{5,3} showed better anti-HIV activity (EC 50 = 0.087 μM).
Another interesting comparison arises from the m + n value in symmetrical structures 4{x,x} and 7{x,x}. Thus, in Table 2 are included those structures in which m + n = 5 and the EC 50 values clearly show that compounds 7{x,x} with m = 2 (EC 50 of 7{5,5} and 7{3,3} are 0.101 and 0.072 μM respectively) are nearly 10-fold more active than compounds 4{x,x} with m = 1 (EC 50 of 4{11,11} and 4{10,10} are 0.72 and 0.76 μM respectively). On the other hand, the comparison of the EC 50 values in symmetrical structures 4{x,x} and 7{x,x} when m + n = 4 (Table 3) helps to conclude that in this case the value of m is not so important in molecules of this length, as compounds with the same terminal cyclic amine have nearly the same EC 50 . Table 3 also shows that the nature of the terminal heterocyclic ring plays an important role in the biological activity. Thus, symmetrical compounds 4{x,x} and 7{x,x} prepared with an amine 12{x} bearing a pyrrolidine (12{1} or 12{2}) or a piperidine (12{5} or 12{7}) present better anti-HIV activities (EC 50 = 2.51, 1.42, 0.362, and 0.26 μM, respectively) while those prepared with an amine 12{x} bearing a morpholine (12{4}, 12{8}) gave EC 50 > 320.1 μM.
Finally, in order to globally evaluate the results obtained, the EC 50 and CC 50 values of AMD3100 were determined (EC 50 = 0.004 μM; CC 50 > 10 μM) by following the same methodology as for our compounds. As it can be seen, compounds 7{3,3} (EC 50 = 0.072 μM) and 8{5,3} (EC 50 = 0.087 μM) present nearly the same level of activity as the reference and also show a good therapeutic index (SI = 1625 and >694, respectively).
In order to understand the results obtained, a computational study was carried out. This study consisted of the analysis of the interactions of CXCR4 with three different molecules: 4{3,3}, 7{3,3} and 8{3,3} (Fig. 5) . In our previous work, 19 we evaluated the docking-based virtual screening performance of CXCR4 crystal structures. We showed how PDB 3OE6 achieved the highest virtual screening performance using the docking function Ligandfit 20 and the scoring function DockScore. 21 In the present work, structures 4{3,3}, 7{3,3} and 8{3,3} were prepared using the protocol LigPrep 22 from Schrödinger.
The force field OPLS 2005 was applied to generate possible tautomers, stereoisomers and ionization states at pH 7 ± 2 with an ionizer. Protein-ligand interactions established for the best poses obtained for each structure are shown in Fig. 6 . All three compounds 4{3,3}, 7{3,3} and 8{3,3} bind CXCR4 in the same region of the extracellular pocket of CXCR4 because, in general, they have similar interactions with the same residues of CXCR4. Nevertheless, the binding modes and some of the interactions are different depending on each compound. In the best binding pose of 4{3,3} three side chain hydrogen bond donors were found between the two hydrogens of the protonated secondary amine and Asp187 and between the protonated pipecoline amine on the other side of the central aromatic ring and Asp97 oxygen, two ionic interactions were also found between the same protonated amines and Asp187 and Asp97 oxygens as before. Three π interactions were also found, one between the same protonated secondary amine and Phe189 and two intramolecular π interactions between both protonated pipecoline amines and the central aromatic ring. Also, polar interactions were found between 4{3,3} and Asp97, Arg183, Asp187, Arg188 and His281 and van der Waals interactions with residues Leu41, Tyr45, Trp94, Ala98, Trp102, His113, Tyr116, Ile185, Cys186, Phe189, Tyr190, Tyr255 and Glu288 (Fig. 6) .
The best binding pose of 7{3,3} shows two possible side chain hydrogen bond donors between the protonated secondary amine and Asp187 oxygen and between the protonated pipecoline amine on the other side of the central aromatic ring and Asp97 oxygen. Furthermore, three ionic interactions were also found between Asp187 oxygen and the protonated pipecoline and secondary amine, both on the same side of the structure, and between Asp97 oxygen and the protonated pipecoline on the other side of the central aromatic ring. Three possible π interactions were found, as above for 4{3,3}, one between the protonated secondary amine and Phe189 and two between the protonated pipecoline amine on the other side of the central aromatic ring and Trp94. Polar interactions were also found between 7{3,3} and Asp97, Asp187, Arg188 and Phe189 and van der Waals interactions with residues Asn37, Leu41, Tyr45, Trp94, Ala98, Trp102, His113, Tyr116, Arg183, Ile185, Cys186, Tyr190, Tyr255, His281, Ser285 and Glu288 (Fig. 6) .
The best binding conformation of 8{3,3} shows five possible side chain hydrogen bond donors, two between the protonated secondary amine, which is linked to the central aromatic ring by a methylene, and Asp187, and three possible ones between Asp97 and the protonated pipecoline amine and the protonated secondary amine, both in the same amino building block which is linked to the central aromatic ring by an ethylene group. Three possible ionic interactions were also found between Asp187 and the protonated secondary amine linked to the central aromatic ring with a methylene, and between Asp97 and the protonated pipecoline and/or the secondary amine situated in the same amino building block linked with the central aromatic ring by an ethylene. Four possible π interactions were found, two between both the protonated secondary amine and/or with the pipecoline situated in the same building block, which is linked to the central aromatic ring by a methylene, and Phe189, another between the protonated secondary amine linked to the central aromatic ring by an ethylene and Trp94 and between the central aromatic ring and His113. Polar interactions were found between 8{3,3}and Trp94, Asp97 and Asp 187 while van der Waals interactions were established with residues Ala98, Trp102, Val112, His113, Arg183, Ile185, Cys186, Arg188 and Phe189 (Fig. 6 ).
Protein-ligand interactions can be represented from the protein point of view and also from the ligand point of view. Fig. 7 shows the stronger interactions and the corresponding distances established between structures 4{3,3}, 7{3,3} and 8{3,3} with different residues of CXCR4. Structure 4{3,3} shows less number of interactions than structures 7{3,3} and 8{3,3} and the interactions established are located at one end of the molecule. This observation could explain why this structure showed the highest EC 50 of the three analogues. Despite this 8{3,3} shows more interactions than the other analogues, chiefly the π ones, and it showed higher EC 50 than 7{3,3}. This result could be explained by the fact that 7{3,3} is the only compound that has shown charge interactions at each end of the molecule, at both nitrogens of the pipecolines. Charge interactions are considered the most determinant interactions established by CXCR4 23 and by HIV when they enter a host cell. 24 These charge interactions could block the overall structure of 7{3,3} in the binding site, reducing global movements of the structure and therefore stabilizing interactions with CXCR4 inhibiting more effectively the HIV activity. In addition, the representation in Table 4 of the proteinligand interactions, considering the protein point of view, shows that 8{3} was the ligand which presented fewer interactions (13) with CXCR4 while 7{3,3} was the one which presented more (20) . 4{3,3} shows 18 interactions, all of them with the same amino acids as 7{3,3}. These different interactions could be explained by the study of the binding conformations of 4{3,3}, 7{3} and 8{3,3} which are superposed in Fig. 8 . It seems as if all three compounds interacted with CXCR4 in the same pocket region, but if we compare the docked poses of each compound, it is noticeable that compounds 4{3,3} and 7{3,3} present a very similar binding mode 
Conclusions
The present paper has shown that, contrary to AMD3100 and other cyclams, the paradigm by which it is necessary to use the p-phenylene moiety as the central core in order to achieve a high HIV-1 antiviral activity is not necessarily valid for structures less hindered than AMD3100. Starting from structures 4, previously described by our group as potent CXCR4 coreceptor inhibitors, we carried out a positional scanning of the nitrogen atoms present on each side of the central phenyl ring in order to explore the impact on the biological activity of the distance between the phenyl ring and the first nitrogen atom of the side chains. Consequently, two families of compounds were designed, synthesized and biologically evaluated: the symmetrical compounds 7{x,x} (in which m = 2 on both sides) and the nonsymmetrical compounds 8{x,y} (in which m = 1, on one side, and m = 2, on the other side) (Fig. 3) . The corresponding synthetic itineraries (Scheme 1) use 1,4-benzenediacetic acid (9) and 2-(4-(bromomethyl)phenyl)acetic (14) acid, respectively, and a library of amines of the general structure 12{x} as starting materials.
The results obtained indicate that 12{3}, 12{5} and 12{1} gave the most active compounds in the three families of compounds 4{x,y}, 7{x,x} and 8{x,y} when the same amine is present on both ends of the compound.
Furthermore, the EC 50 exactly follows the order 7{x,x} < 8{x,x} < 4{x,x}. This observation let us conclude that for the kind of tetramines studied by our group as potential anti-HIV compounds, the presence of two methylene units on each side of the central phenyl ring increases the biological activity contrary to what has been observed in the case of AMD3100.
In order to understand the results obtained, a computational study was carried out in which the interactions of CXCR4 with 4{3,3}, 7{3,3} and 8{3,3} were analyzed. Such a study revealed that although the three compounds could interact with CXCR4 in the same pocket region, the docked poses of compounds 4{3,3} and 7{3,3} show a very similar binding mode ( Fig. 8a and b) whilst compound 8{3,3} shows a different one (Fig. 8c) , establishing accordingly different interactions with CXCR4. Fig. 7 Representation of the main protein-ligand interactions (charge interactions in pink colour, hydrogen bonding in blue, and π interactions in yellow) and the interaction distances established by structures 4{3,3}, 7{3,3} and 8{3,3}. apparatus, operating at a frequency of 2.45 GHz with a continuous irradiation power from 0 to 400 W. Reactions were carried out in 0.5, 2.5, 5, and 20 mL glass tubes, sealed with aluminum/Teflon crimp tops, which can be exposed to temperatures up to 250°C and 20 bar internal pressure. Temperature was measured with an IR sensor on the outer surface of the process vial. After the irradiation period, the reaction vessel was cooled rapidly to 50°C by air jet cooling. 1}) . A mixture of 1,4-benzenediacetic acid (9) (2.0 g, 10.30 mmol), hexamethyldisilazane (HMDS) (2.86 mL, 20.60 mmol) and trimethylchlorosilane (12 drops) in dry 1,2-dichloroethane (60 mL) was refluxed overnight under N 2 . The solution was evaporated at reduced pressure. The residual material was bis(trimethylsilyl) 1,4-benzenediacetate (10). This product was dissolved in anhydrous CH 2 Cl 2 (20 mL) and anhydrous DMF (4 drops) and oxalyl chloride (1.86 mL, 21.86 mmol) was added dropwise to the solution at 0°C. The resulting solution was stirred for 1 h at 0°C under N 2 and for 1 h at room temperature before the solvent was removed at reduced pressure. The residual material was 1,4-benzenediacetyl dichloride (11). Anhydrous CH 2 Cl 2 (28 mL) was added to the flask and cooled to 0°C. (q, (0.77 mmol, 77%) of N,N′-bis(3-( pyrrolidin-1-yl)propyl)- (3-(4-methylpiperazin-1-yl) propyl)-1,4-bis(2-amino-eth-1-yl)benzene (7{9,9}). As stated above for 7{1,1}, but using the borane dimethylsulfide complex (1.19 mL, 11.89 mmol) , N,N′-bis (3-(4-methylpiperazin-1-yl) (15) . To a solution of 0.235 g (1 mmol) of 2-(4-(bromomethyl)phenyl)acetic acid (14) in 10 mL of toluene was added 0.385 g (3.2 mmol) of thionyl chloride. The mixture was heated to 90°C for 6 hours to obtain a yellow solution. The mixture was cooled to room temperature and the solvent was removed under reduced pressure to give 0.237 g (0.96 mmol, 96%) of 2-(4-(bromomethyl)phenyl)acetyl chloride (15) as a yellow solid which was used without further purification. 30 (m, 4H, C3-H, C4-H), 4.57 (s, 2H, C1-H) , 4.25-3.91 (m, 4H, C12-H, C13-H), 3.58 (s, 2H, C6-H), 3.37 (q, J = 6.1 Hz, 2H, C9-H), 2.92 (t, J = 7.0 Hz, 2H, C11-H), 2.14-2.04 (q, J = 6.8 Hz, 2H, C10-H). ((3-(2-Methylpiperidin-1-yl) propylamino)methyl)phenyl)-N-(3-( piperidin-1-yl)propyl)acetamide (17{5,3}). As stated above for 17{4,4}, but using 1.0457 g (2.96 mmol) of 2-(4-(bromomethyl)phenyl)-N-(3-( piperidin-1-yl)propyl)acetamide (16{5}), 20 mL of acetonitrile, 0.4625 g (2.96 mmol) of 3-aminopropyl-N-pipecoline (12{3}) and 1.2273 g (8.88 mmol) of potassium carbonate. Upon removal of the solvent, the residue was separated by automatic flash chromatography (basic alumina; 98 : 2 : 0.5; CH 2 Cl 2 /MeOH/NH 3 ) to afford 0.3426 g (0.799 mmol, 27%) of 2-(4-((3-(2-methylpiperidin-1-yl)propylamino)methyl)phenyl)-N- (3-( piperidin-1-yl) 1.71-1.14 (m, 16H, C10-H, C13-H, C14-H, C15-H, C20-H, C23-H, C24-H, C25-H), 1.08-0.94 (m, 6H, C17-H, C27-H). 13 
Synthetic procedures
N,N′-Bis(3-( pyrrolidin-1-yl)propyl)-1,4-di(aminocarbonyl- methyl)benzene (13{1,afford 3.46 g (7.35 mmol, 71%) of N,N′-bis(3-(2-pipecolin-1-yl)-propyl)-1,4-di(aminocarbonylmethyl)benzene (13{3,3}) as an off3 J = 6.0 Hz, 4H, C5-H), 2.43-2.28 (m, 12H, C7-H, C8-H), 1.64 (quint, 3 J = 6.4 Hz, 4H, C6-H), 1.54 (quint, 3 J = 5.6 Hz,(27 mL), 1.25 M HCl/MeOH (7.5 mL). The final compound was purified by flash chromatography (basic alumina, CH53.6 (C7), 51.2 (C4), 45.9 (C5), 35.9 (C3). MS (70 eV, EI): m/z (%) = 390.3 (4) [M] + , 360.3 (2) [M − CH
